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Abstract. The Evaluated Gamma-ray Activation File (EGAF), a new database of prompt and delayed neutronycemture

cross sections, has been prepared as part of an International Atomic Energy Agency (IAEA) Coordinated Research Project
to develop a "Database of Prompt Gamma-rays from Slow Neutron Capture for Elemental Analysis". Recent ejeragntal
cross-section measurements performed with the guided neutron beam at the Budapest Reactor have been combined with data
from the literature to produce the EGAF database. EGAF contains thermal cross sectis3% fo00 prompt and delayed

y-rays from 262 isotopes. New precise total thermal radiative cross sections have been derived for many isotopes from the
primary and secondary gamma-ray cross sections and additional level scheme data. An IAEA TECDOC describing the EGAF
evaluation and tabulating the most promingmtays will be published in 2004. The TECDOC will include a CD-ROM
containing the EGAF database in both ENSDF and tabular formats with an interactive viewer for searching and displaying the
data. The Isotopes Project, Lawrence Berkeley National Laboratory continues to maintain and update the EGAF file. These
data are available on the Internet from both the IAEA and Isotopes Project websites.

1. INTRODUCTION normalized to units of per 100 neutron captures.

In the 1990’s new capturg-ray measurements were
Low-energy neutron capture produces pronyatays  performed for all stable elements by Molretral at the
unique to each isotope that can be exploited in PrompBudapest Reactor. These measurements utilized a guided
Gamma-ray Activation Analysis (PGAA) for nonde- neutron beam with the target station far from the re-
structive elemental analysis. Until now, PGAA has beenactor where both primary and secondaryays could
severely limited by the lack of a reliable neutron capturebe measured under low background conditions. They
y-ray database. These data are also an important compaieasured absoluteray cross sections rather than rela-
nent of the Evaluated Neutron Data File (ENDF) used intive intensities. An International Atomic Energy Agency
neutron transport calculations. (IAEA) Coordinated Research Project (CRP) was orga-

Groshevet al[1] published the first compilation of nized to evaluate these data. The IAEA CRP produced a
prompt capturg-ray energies and intensities, and Green-database 0£35,000 neutron capturgrays [8] which
wood et al[2] the first spectrum catalog during the era has been named the Evaluated Gamma-ray Activation
of Nal detectors. With the advent of Ge detectors in theFile (EGAF)[9]. In this paper we will discuss the Bu-
1960s, Rasmussen[3] and Orphan[4] measured captudapest measurements, evaluation of the EGAF database,
y-ray spectra for all elements. These data were compilednd recent developments in EGAF analysis.
by Loneet a[5] who published a database of over 10,000
y-rays in 1981. This database has been used for many
years despite the inadequacies inherent to those early 2. BUDAPEST MEASUREMENTS
measurements.

Prompt neutron captungray data are also compiled The Budapest Research Reactor is a light-water mod-
from the literature in the Evaluated Nuclear StrUCtUreerated and cooled reactor operating at 10 MW thermal
Data File (ENSDF)[6]. These data were used primarily topower. A curved neutron guide transports the thermal
extract I’IUC|ear structure information and were not eVaIU'neutron beam to the target position Where the neutron
ated for applied use. Reedy and Frankel[7] carefully refjyx is 2 x 10° cm2s1. The measurements discussed
evaluated the literature for light elements from hydrogenin this paper were performed with the thermal beam.

to zinc and prOVided this information in ENSDF format. In 2001 a |iquid_hydrogen cooled source was commis-
The Loneet al, ENSDF, and Reedy-ray intensities are  sjoned increasing the neutron fluxds 10’ cm2s~1. A
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FIGURE 1. Neutron flux profile at the sample position.

spectrum without interference from the internal standard.
Low-energyy-rays were corrected for attenuation when
pneumatic beam shutter at the end of the neutron guidaeecessary.
allows the neutrons to enter a 3-m long evacuated alu-
minum tube that extends across the experimental area to
a beam stop at the rear wall of the guide hall. The neutron 2.3. Results
flux profile at the sample position is shown in Fig. 1.

Measurements were performed on 79 elements from
Z=1-83,90,92 with the exception of He, Ne, Ar, Kr, Tc
2.1. Detectors and Pm. The accurate new energy and intensity data were
sufficient to identify~13,000y-rays. Figure 2 shows a
A 25% efficient high-purity germanium (HPGe) de- comparison of the intensities of the most intense capture
tector with a BGO-scintillator Compton suppression sys-y-ray transitions measured at Budapest with those re-
tem was used in these measurements. The target to detguarted by Lone. About 25% of these transitions were not
tor distance was 25 cm. Compton suppression improvedeported by Lone, and 60% of them differed b0%.
the background by factors e 5 (1332 keV) to= 40
(7000 keV). Energy and efficiency calibrations were de-
termined over the range of 50 keV to 10 MeV using sev- 3. CAPTURE y-RAY DATABASE
eral multi y-ray sources and (y) reactions. Data were EVALUATION
analyzed using the fitting code HYPERMET-PC [10].

The first IAEA Research Coordination Meeting for the
Development of a Database for Promptay Neutron
2.2. Cross Section Standardization Activation Analysis convened November, 1999 in Vi-
enna[ll]. Representatives from seven countries gathered
Partial y-ray cross sections were measured with in-to plan the compilation of the Budapest captyreay
ternal standards that included H, N, Cl, Au, Ti, and S.data into a database suitable for nuclear applications. The
Whenever possible, measurements were made with higtsotopes Project, Lawrence Berkeley National Labora-
purity compounds of stable stoichiometry containing atory was asked to take the lead role in this evaluation
standard element, e.g. NacCl. If no stoichiometric com-effort, and other members reviewed the evaluation and
pounds were available, homogeneous mixtures, typicallyerformed benchmark tests of the data.
water solutions, were used. The advantage of this method
of standardization is that the measurement requires no

knowledge of the beam flux and is independent of tar- 3.1. Isotopic Assignment
get geometry, impurities, or neutron scattering consider-
ation. The Budapest measurements were performed on natu-

In many cases more than one measurement was madel elemental targets. ENSDF format isotopic captgare
with different compounds or mixtures to check the stoi- ray datasets were prepared from the literature compiled
chiometry. Measurements were also made with pure tarin the ENSDF [6] and Reedy [7], and were updated from
get materials or oxides to record the complete elemental



the Nuclear Science References [NSR][12] file. The Bu- 3.2. Adoptedy-ray Energies

dapesty-rays were then assigned to their respective level

schemes by a comparison of their energies and relative Gamma-ray energies were determined by a weighted
intensities to the literature dataset and then entered intteast-squares fit of both the isotopic and experimeptal

a second, ENSDF format Budapest dataset. Additionatay energies to the level energies. Since the adopted
y-rays were placed into the Budapest dataset by comray energies are the level energy differences after cor-

parison with expected transitions from tfable of Iso-
tope$13].

TABLE 1. Firstiteration of a least squares fit pfay
energies to the level scheme BMg(n, y). Numbers

in parentheses are the number of standard deviations
discrepancy in the number to the right, compared to the
adopted value. The uncertainties in each dataset were
in2(:reased and additional iterations were performed until
X/f=1.

ENSDF | Budapest ‘ Adopted ‘LeveI-H Level-2

389.695 | (1)389.64 3(389.685 18 3 2
(2)585.06 3(2)584.936 2/6584.994 16 2 1
611.8 10 611.809| 7 6
(1)836.9510 836.758 | 836.826| 6 4
849.93 | 849.9316 | 850.013| 7 5
(2)863.09 5 (2)862.88 4(862.96228 8 7
(3)974.84 5 (1)974.613(974.66918 3 1
989.7 4 989.989| 4 3
1379.73 | 1379.6919|1379.659 4 2
1448.7 10 1448619 7 4
1474.8 10 1474749 8 6
5 3

1588.65 9|(1) 1588.40 91588.58

3691.07 16 3690.98 18| 3691.03 8 2
3916.86 4((1)3916.65 163916.85 11 7
4141.43 | 4141.38 24|4141.31 14 10 3

435796 | 4357.85| 9 1

4528.47 20 4528.66 22| 4528.55 11 6

4766.86 23 4766.68 25| 4766.71 11 5

6355.02 10 6354.93 |6354.96 11 3

(1)6744.9 3 6744.54 11 2

(1)7330.6 9 7329.37 11 1

Level Energy Level | Energy
1. 0.0 7. |3413.34123
2. 585.001 16 8. | 4276.323
3. 974.689 18 9. 4358.25
4. 1964.69 9 10. |5116.36 14
5. 2563.323 11. | 7330.523
6. 2801.539

ENSDF x?/f=1.561, f=25; Budapest?/f=1.907, f=17.
X2/f=1.429, (fit of 61y-ray transitions to 10 levels

rection for recoil, weak transitions could be determined
to good precision. A chi-squared analysis was performed
by comparing the input to the adopted data, and the un-
certainties of individual outliers witlx?/f>4 and/or all
data in datasets with > 1 were increased and the fit re-
peated untily?/f = 1. Badly discrepant outliers were dis-
carded, particularly when more accurate data were avail-
able. A typical fit ofy-ray energies is shown in Table 1
for 2“Mg(n,y).

3.3. Adoptedy-ray Cross Sections

The Budapest experimentgray intensities were re-
ported as elemental cross sections, whereas the corre-
sponding literature values were typically compiled in
units of per 100 neutron captures of the isotope. These
data were averaged by one of two methods:

(1) If a well-definedy-ray cross section existed in the
literature, they-ray intensities in the literature dataset
were renormalized to that value, converted to an elemen-
tal cross section by means of the isotopic abundance, and
averaged with the experimental values.

(2) If no precise normalization factor existed for most
cross sections, the intensities in the literature dataset
were renormalized by a factor chosen to minimize the
weighted average difference between the literature and
experimental intensity data. The renormalized intensities
were then averaged with the experimental data to obtain
the adopted cross sections.

A similar chi-squared analysis to that described for the
energies was performed to handle outliers and discrepant
data. The skew in the chi-squared distribution as a func-
tion of energy was used to probe systematic differences
in the underlying efficiency curves, and discrepant data
were adjusted or removed as necessary.

3.4. Intensity Balances

The level schemg-ray intensity balances were used to
determine the quality and completeness of the evaluated
data. The totaly-ray cross section feeding the ground
state was compared with the corresponding values from
Mughabghabet al [14-16], and the ratio of the total
primary y-ray cross section to the cross section feed-
ing the ground state indicated the completeness of the
dataset. Intensity balances through intermediary levels



TABLE 2. Intensity balance fof*Mg(n, y). 4. IAEA TECDOC AND THE EGAE

ENSDFE(LeveIP a(in) ‘ o(out) ‘ o0 ‘ DATABASE
0 0.0536(14) 0.0 0
585.01(3) |0.0406(11)0.0398(14)0.0008(18 The database 0£35,000 neutron capturg-rays has

been published as an IAEA TECDOC with accompa-
nying CD-ROM [8]. The TECDOC includes discussions
of neutron capture terminology, Westcott g-factors, char-
acteristics of PGAA facilities, results of CRP bench-

974.68(3) | 0.0157(4)|0.0158(4) 0.0001(6)
1964.69(10) | 0.00022(2)0.00026(3)0.00004(4
2563.35(4) |0.00202(10)0.00179(7)0.00023(12)

2801.54(9) | 0.00047(4)0.00061(5)0.00013(6 mark experiments, and total radiative neutron capture
3413.35(3) |0.0411(14)0.0416(11)0.0005(18 cross sections and neutron separation energies. Transi-
4276.33(4) | 0.0105(4)| 0.0107(3)| 0.0002(5) tions with cross sections greater than 1% of the most in-
4358.2(5) |0.00009(2) 0.0 |0.00009(2 tense transition for each element are tabulated, and tran-

sitions >10% are listed in an energy-ordered table. The
original Budapest Reactor cross section data and an ex-
tensive bibliography of measurements is given in the ap-
pendices. The complete data library is given on the CD-
ROM in text, EXCEL, and Adobe Acrobat PDF formats.
The TECDOC report and all of the data is available from

- . . . the IAEA at http://www-nds.iaea.org/pgaa/.
indicate missing or anomalous intensities, and such prob-

lems were corrected whenever possible. An example of
an intensity balance analysis with no important discrep-
ancies is shown in Table 2. Level schemes are complete
for the more abundant isotopes of the light nuclei, but
significant inconsistencies in the intensity balance may.
arise for heavier nuclei and remain unresolved in the cony
tinuum.

5116.37(15) | 0.00038(4)0.00027(3)0.00011(5
7330.53(4) 0.0 |0.0539(14)0.0539(14

o(Mughabghab)=0.05360.015 bg (this work)=0.0538-0.014 b

4.1. PGAA-IAEA Database Viewer

A neutron capturg-ray database viewer is available at
tp://www-nds.iaea.org/pgaa/pgaa7/index.html and on
e CD-ROM. A periodic table interface provides access
to the data by element and isotope. The viewer can dis-
play both tables ofy-ray cross sections and spectrum

S plots. Selection of%’Pb data produces theray table

ot MO D shown in Fig. 3. The captungray database can also be
Tsntapic Capture Gross Section (hamsy D633 searched by energy, atomic number, mass, and cross sec-
Sl tion with the PGAA-IAEA viewer.
esteott g-factor: 1

t | Byfhel) oyZ{b) Trpe iHaif-izfe kg

1 tzEc 2IE055) p [Stable | 32E077)

| 2 |113506016) 1 10ED5(19) | p  [Stable 1SE07(Z) 4 2 EG AF Database

7 [zEiaais| 5E06E) p [Btable TE08(4) e

4 13330 33E05(7) p [Stable | 48E-0%(10)

3 |1437 40017y TED&G) i Esm:e 12E07(4) The archival capturg-ray database has been named
Er i e the Evaluated Gamma-ray Activation File (EGAF). This
8164017 | 36E05H| p %Stahle 5 3E.07¢8) file is maintained in ENSDF format to preserve the nu-
e HB R e e R clear structure aspects of the database. The EGAF file
102086 80210 | 38E058)| p [Stable | SAE-071T) . . .
11 e | B0E05 | p Sl | A4EDE consists of an adopted dataset for each isotope, with
12 10T | BRG] p Buble | 4E07G supporting datasets prepared from the Lateal5]

2 jj;jjf% ?fs”;;‘gg - S éiigﬁ; and Reedy [7] databases. The adopya@y intensities
1500 | 36505 p Slole | SAE0IO) are given as elemental cross sections. A normalization
0 A ol [ 15 7 el 0 o) is provided to convert this intensity to isotopic cross
17 37293 Z2E0511) p [Stable | 32E0%(16) . .

17 (1085 4605 | DEBAIT | p e LSEDAGS section assuming normal abundance [17]. The EGAF
19 [475351(7) 2IBE04LT)| p [Stable 3AIE0EE) database is maintained by the Isotopes Project, Lawrence
2 ﬁgz;ﬁ) “?E”;% . Bty ljigzgg Berkeley National Laboratory. It is disseminated by the
22 [ dec| 145054 p Stable | 20E07E IAEA on the TECDOC CD-ROM and on the Internet at
2 [rEm | 013G p Sl | 0000060 http://www-nds.iaea.org/pgaalegaf.html.

p - Prompt, d - Delayred

FIGURE 3. Tabular listing of2°’Pb data displayed by the
PGAA-IAEA Viewer.



TABLE 3. History of thel2C cross section mea- TABLE 4. Comparison of experimental and

surements. theoretical level feeding fot®>Pd(n,y).
Measurement Method ‘ 0o(mb) ‘Reference Level |Feeding per 100 captulgd Jr
Capture 3.50:0.16Prestwich (1981) (keV) |Experiment Theory | |ENSDF Fit
Capture 3.53+0.07Jurney (1963) 0.0 | 99.95 100.00 o+ 0+
Reactivity 3.57+0.03Nichols (1960) 511.8(85.37£0.8584.34t1.010.8 2+ 2+
Pile Oscillator 3.65+0.15Nichols (1960) 1128.020.32£0.2322.27:1.401.4 2+ 2+
Pulsed Neutrons 3.72+0.15Sagot (1963) 1133.82.69+0.15| 2.50+0.41 (0.4 0O+ 0+
Pulsed Neutrons 3.83+0.06Starr (1962) 1229.216.59£0.1916.741.24/0.1] 4+ 4+
Pile Oscillator 3.85+0.15Koechlin (1957) 1557.710.21£0.1611.86+1.03|1.6 (3)+ | 3+
Capture 3.87+0.059Molnar (2003) 1562.28.914+0.20| 7.78£0.76 |1.4 2+ 2+
Capture 4.01+0.15Yonezawa (2003) 1706.4 0.93+0.05| 0.63+0.16 (1.§ 0O+ 0+
Average of Higher Valud8.84+0.0. 1904. 2-3- |No leve
Current Adopted Value 3.53:&0.0?Mughabghab (198#) 1909.42.97+0.14| 3.85:0.36 2 2% 2%
1932.42.81+0.08| 3.67+0.42 2.0 4+ 4+
2001.60.44:0.03| 0.41+0.08(0.4 0+ 0+
2077.10.56+0.04| 0.44£0.15(0.8 6+ 6+
5. APPLICATIONS OF THE EGAF 2077.43.00£0.07| 2.78:0.31 0.7 4+ 4+
DATABASE 2084.4 4.93+0.53| 5.69+0.91 (0.7 3- 3-
2242.42.38+0.12| 2.32£0.28 (0.2 2+ 2+
The capturey-ray database has been used for Prompt
Gamma?—rayyAc%i/vation Analysis (PGAA) at the Bu—p 2278.30.27+0.04) 0.28£0.0710.3 0+ 0+
dapest Reactor for many years. Notable examples in- 2282.91.310.07) 1.80£0.25/1.9 4+ | 4+
clude the analysis of deep sea vent [18] and reagent mate- ~ [2306.02.59£0.07| 2.52:0.4910.1  4- 4-
rials [19]. Total radiative cross sections were determined 2308.11.21+0.06| 1.43£0.25|0.9 2+ 1+
for most isotopes [8,20]. This work has contributed to a 2351.01.45+0.08| 1.60£0.25(0.6 4+ 4+
new evaluation of thé38U total radiative cross section 2366.10.55:0.04| 0.75:0.13(1.4 5+ | 5+
[22]. 2397.41.2500.05| 0.94:0.16 (1.9 (5)- | (5)-
2401.01.43£0.09| 2.39+0.53 (1.8 2-3- | 2-
L. . 2439.11.39+0.10| 1.73£0.20 (1.5 2+ 2+
5.1. Total Radiative Cross Sections 2472104200.01| 0.23:0.05|1.d 1+.2¢| o+
Many neutron cross sections were determined from 2484.81.21£0.09) 1.25:045 0.0 (1) | (1)
the EGAF database with comparable precision to those =~ [2°00-41.41+0.09] 2.10:0.90(0.8 ~ 2- | 2-

reported by Mughabghaet al [14-16], and some dis-
agreements were notable. For example, the most accurate
12 . .

c measurements, including our current measuremenwth DICEBOX to estimate theoretical variation. Table 3
are summarized in Table 3. Our new, recommended Cros§ ows preliminary results 1dP5Pd(ny)
section is 3.840.03 mb and differs significantly from P Y Y

: TR An excellent fit withx?/f=1.1 was obtained, but only
the previously accepted value [14-16] of 07 mb. after revising the ENSDF spin/parity values, indicated in

bold type, and removing one level that was inconsistent
. . . with the calculations and not confirmed by other experi-
5.2. Quasi-continuum Calculations ments. The total radiative cross section derived from this

) ) calculation is 21.2:0.5 b, consistent with the compiled
The EGAF database is often incomplete because conyg),e [14-16] of 21.8:1.5 b.

tinuum y-rays can comprise up to 90% of the spectrum.
We have been applying theray cascade code DICE-

BOX by Becvar [22] to calculate this continuum. These 6. FUTURE PLANS FOR EGAF
calculations are constrained by the EGAdtay cross )
sections de-exciting low-lying levels in the capture nu-

) . new series of elemental and isotopic captyrea
cleus. Several independent calculations were performeé P Riyreay

measurements are planned at the Budapest Reactor with
the cold neutron beam. EGAF will be updated to include



these data as well as continuum data from the quasi-
continuum calculations discussed above. The data will
be benchmarked with experimental spectra and provided
in ENDF format. Evaluation of the continuum data will
provide new nuclear structure information available for g
ENSDF evaluation. EGAF will also be expanded to in-
clude epithermal and fast neutron capture and reaction
y-ray data from ENSDF and other literature sources. Ad-
ditional measurements are planned with LNBL 2.5 MeV
D+D (10 n/s) Neutron Generator Facility [23]. In ad-
dition to reaction data, we will measure fissigrray
data. The EGAF database provides a repository for eval-
uated neutron-inducegray data that can support a va-

riety of other databases and applications. It offers a data2.

bridge between the traditionally reaction based and nu-
clear structure based communities.

13.
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